SUMMARY
INTRODUCTION
Insulin is stored in large dense-core granules in pancreatic cells and is released by exocytosis when blood glucose levels rise (1) . We have previously demonstrated that SNARE (soluble NSF (N-ethylmaleimide-sensitive fusion protein) attachment protein receptors) hypothesis (2) may be applicable to insulin exocytosis in pancreatic cells (3, 4) , however, the dynamics of insulin granule exocytosis in live pancreatic cells is poorly understood.
Imaging techniques are powerful tools for detecting vesicle exocytosis in live cells and have provided significant advances in understanding the mechanism of exocytosis. In previous studies, synaptic vesicles or granules were labeled with the weak base fluorescent dye acridine orange, which accumulates in acidic compartments in cells (5-7), though acridine orange labels not only secretory granules but also other acidic compartments in cells. To overcome the problem, we produced an expression vector encoding green fluorescent protein (GFP) fused to human preproinsulin. We found that the GFP-tagged insulin we produced here expressed in MIN6 cells can specifically label the insulin secretory granules. Therefore, we used this probe combined with evanescent wave microscopy (also called total internal reflection microscopy) to acquire images of the docking and fusion of insulin granules. Evanescent wave microscopy selectively excites subcellular features close to (within ~ 100 nm) the plasma by guest on http://www.jbc.org/ Downloaded from 4 membrane at the cell-glass cover slip contact region (8) . The advantage of this method over confocal laser microscopy is that only a thin layer (~ 100 nm) is illuminated, an excellent fluorescent signal-to-background is obtained, and photo damage is minimized. Because only granules close to the plasma membrane are visible, this method allows us to see with high resolution the single granules approaching, docking, and fusing with the plasma membrane.
In the present study, we report the optical observation of exocytosis of insulin molecule itself stimulated by the physiological secretagogue using evanescent wave microscopy supplemented with the real-time images, thereby we reveal the distinct behavior of single insulin granule motion during 1 st and 2 nd phase of insulin release. 
EXPERIMENTAL PROCEDURES
Plasmid construction -To generate a construct in which GFP is located at the C terminus of preproinsulin, the coding region of human preproinsulin cDNA (a gift from Dr. G. I. Bell, University of Chicago) was amplified by polymerase chain reaction using originally designed primers, cleaved by restriction enzymes, and subcloned into vector pEGFP-N1 (Clontech) encoding enhanced GFP (EGFP) under cytomegalovirus immediate-early gene promoter. The Immunocytochemistry -Transfected cells were fixed, made permeable with 2% paraformaldehyde/0.1% Triton X-100, and processed for immunocytochemistry as described achieved by addition of 100 mM KCl-KRB (NaCl was reduced to maintain the isotonicity of the solution) or 52 mM glucose-KRB into the chamber (final=50 mM KCl or 22 mM glucose).
Diiodomethane sulfur immersion oil (n = 1.81 at 488 nm, Cargille Laboratories) was used to make contact between the objective lens and the cover slip. At a measured incidence angle of 61.3° with n glass = 1.8 and n cytosol = 1.38, a 488-nm beam had a calculated penetration depth of about 80 nm (8) . 
Acquiring the images and analysis -

Fusion events induced by KCl-stimulation originate from previously docked granules -
We have then used evanescent wave microscopy to monitor the real-time docking-and-fusion process of single granules labeled with GFP-tagged insulin near the plasma membrane. Figure   2A shows a region in which GFP-tagged insulin transfected in MIN6 cells was adhered to a cover slip. Granules just beneath the plasma membrane (calculated distance from the cover slip increased within about 900~1200 ms and vanished within about 300 ms (Fig. 2D) , which is comparable to that observed in adrenal chromaffin cells (16) .
It is noteworthy that most fusion (90% of total fused granules) evoked by KCl stimulation occurred in the previously docked granules (red column in Fig. 2B , and red boxes 1 and 2 in Fig.   2C ), with only some of the fusion occurring in newly recruited docked granules (green column in Fig. 2B , and green box 3 in Fig. 2C ), whereas there was no difference in the kinetics of fusion between both types of docked granules (Fig. 2D ). Fusion events evoked by KCl stimulation were almost always seen during the first 60 s (Fig. 2B) , similar to the typical pattern of 1 st phase of insulin release, which was consistent with the data of endogenous insulin release measured by ELISA (Fig. 2E) It is quite intriguing that the glucose-induced fusion for the first 120 s occurred only from previously docked granules (red column in Fig. 3B , and red boxes 1 and 2 in Fig. 3C ), but after 360 s fusion events from newly recruited docked granules markedly increased (green column in Fig. 3B , and green box 3 in Fig. 3C ). As judged by the data of insulin release as measured by ELISA over the same time-course (Fig. 3E) , fusion events after at least 360 s represent the 2 nd phase of insulin release. It has been suggested that 2 nd phase of release is due to granules that are translocated from a reserve pool to plasma membrane (14, 20) , however, there has not been any reports to prove it. Here, our data with visualizing technique could clearly depict that fusion events during the 2 nd phase of release occur mainly from newly In the present study, fusing granules seem to be fully merged with plasma membrane, and no hemifusion was detected. Because insulin is stored in crystalline form (13) , release of GFP-tagged insulin granules may require the expanded fusion pore (i.e., full fusion). Indeed, the rate of increase of fluorescence intensity in the study of INS1 cells using acridine orange was much faster (7) (33-100 ms; as well as that observed in synaptic vesicles; see Zenisek et al. Fig. 4A) , conversely, the number of newly recruited docked granules started to increase immediately to 150 s after KCl stimulation (green line in Fig. 4A ). As a result, the total number of docked granules (previously docked granules + newly recruited docked granules) (black line in Fig. 4A ) was kept at the same level before and after KCl stimulation (see also superimposed images in Fig. 4A ).
On the other hand, during glucose (22 mM) stimulation, the number of previously docked granules slowly decreased due to fusion and retreat (red line in Fig. 4B ), whereas the number of newly recruited docked granules rapidly and progressively increased from 20 s after stimulation (green line in Fig. 4B ). Subsequently, the total number of docked granules increased up to approximately 140% of the initial number of docked granules during the glucose stimulation (black line; see also superimposed images in Fig. 4B ). The activation of recruitment of new granules to docking sites may contribute to refilling of the docked granule pool (ready releasable pool) during the 2 nd phase of glucose-stimulated insulin release, and the rate of recruitment of granules from the reserve pool to the docked pool exceeds the rate of exocytosis. Thus, these findings also coincide with a two-compartmental model for the cell.
In conclusion, by combining the highly sensitive evanescent wave microscopy and the 
